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Abstract 
Asparagine aminotransferase transforms asparagine into α-ketosuccinamate, which is 
further deamidated by an ω-amidase. Serine:glyoxylate aminotransferase, encoded by AGT1 in 
Arabidopsis, was identified as asparagine aminotransferase. In the roots of 10-day-old 
Arabidopsis seedlings treated with 20 mM asparagine, AGT1 transcript levels increased by 2-
fold while ω-amidase transcripts were decreased by 30%. Recombinant AGT1 had a substrate 
preference for asparagine when compared with alanine and serine as amino group donors. An 
ω-amidase candidate gene, AT5G12040, was identified based on amino acid sequence identity 
with mammalian gene Nitrilase 2. RT-PCR of a T-DNA insertion mutant line showed that ω-
amidase expression was abolished compared with wild-type. In the roots of 10-day-old 
seedlings grown without asparagine or with 2 mM asparagine, the amount of ω-amidase 
substrates, α-ketosuccinamate and α-hydroxysuccinamate, was higher in mutant than in wild-
type under both conditions. Kinetic analysis indicated that recombinant ω-amidase has a 
preference for α-hydroxysuccinamate over α-ketosuccinamate and α-hydroxysuccinamate. 
 
 
  
Keywords: AGT1, Arabidopsis, asparagine, asparagine aminotransferase, enzyme kinetics, 
nitrogen metabolism, Serine:glyoxylate aminotransferase, ω-amidase   
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Chapter 1. Introduction 
1.1 Arabidopsis thaliana 
Arabidopsis thaliana is widely found throughout the world, such as Europe, Asia 
and North America (Koornneef and Meinke, 2010). Within the last thirty years, 
Arabidopsis has become the predominant model system for plant biology. The reasons for 
this include its short generation time, smaller genome size and its ability to self-fertilize. 
For instance, it takes about eight weeks in a greenhouse to complete the whole life cycle 
from germination until the seed matures, which is one of the advantages for physiological 
and biochemical studies. Furthermore, Arabidopsis is easy to manipulate genetically and 
it has one of the smallest genomes among plants. Stock centres in the UK and USA 
provide seeds of mutants and wild accessions and DNA material for research. There are 
abundant genetic resources available, such as The Arabidopsis Information Resource 
(TAIR) database and extensive genome sequencing information (Somerville and 
Koornneef, 2002). These factors and the ability to transform Arabidopsis have made it 
one of the favourite plant model systems for molecular genetic studies. So it has 
expanded the field of study in plant biology and facilitated the understanding of other 
plants, allowing the development of potential applications in agriculture. 
1.2 Nitrogen metabolism 
In plants, nitrogen is one of the most important mineral nutrients required for 
plant growth and development. Plants have multiple adaptive mechanisms to cope with 
different kinds of nitrogen availability in soil, such as nitrogen fixation, ammonification 
and nitrification (Stitt et al., 2002). Plant growth and development, such as leaf 
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development, root architecture and seed dormancy, can be dramatically affected by the 
source and amount of nitrogen supplied to plants (Alboresi et al., 2005; Walch‐Liu et al., 
2000; Zhang and Forde, 1998). As it is important to agricultural productivity, a large 
amount of research about the biochemical and physiological aspects of nitrogen 
metabolism has taken place. For example, Wang et al. (2004) determined the role of 
nitrogen in root signalling using the nitrate reductase knock-out mutant in Arabidopsis. 
They found that nitrate could be used as a signal in starch mobilization and metabolism.  
There are various types of nitrogen in the environment that can be used by plants, 
including nitrate, nitrite and ammonium. Of these, nitrate is the most common source of 
usable nitrogen that is absorbed, assimilated and redistributed in plants. After uptake, 
nitrate is known to act as a metabolic signal, which affects nitrogen and carbon 
metabolism and growth by inducing the transcription of genes encoding enzymes, such as 
transporters and aminotransferases (Gutiérrez et al., 2008a; Wang et al., 2004). The first 
step of the nitrogen assimilation process in Arabidopsis root is catalyzed by nitrate 
reductase, reducing nitrate to nitrite, which is subsequently reduced to ammonium by 
nitrite reductase. Ammonium then reacts with glutamate (Glu) in a ligase reaction 
involving glutamine (Gln) synthetase to form Gln. With the formation of Gln, asparagine 
(Asn) can be synthesized by Gln-dependent Asn synthetase and transported from the root 
to other sink tissue by a lysine histidine transporter, a high-affinity transporter for amino 
acids (Chen and Bush, 1997; Hirner et al., 2006) (Figure 1.1). Some studies show that 
plants have adapted mechanisms to enhance nitrogen acquisition from different ways, 
including symbiosis with nitrogen-fixing bacteria or alternative pathways using other 
forms of nitrogen, such as amino acids (Crawford, 1995; Li et al., 2006). 
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Figure 1.1 Simplified model of the nitrogen assimilation process in root.  
Nitrate absorbed from soil into root is reduced to nitrite by nitrite reductase, which is subsequently reduced 
to ammonium by nitrite reductase.  Ammonium can work with Glu to form Gln by Gln synthetase. Asn is 
synthesized from Gln by Gln-dependent Asn synthetase and transported from root to other tissue by lysine 
histidine transporter (It is adapted from Chen and Bush, 1997). 
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1.3 Asparagine 
Plants have the ability to take up organic nitrogen from the soil in the form of 
amino acids (Näsholm et al., 2009). Previous studies have been conducted involving the 
use of different nitrogen sources, such as amino acids, and have investigated the effects 
of Asn on growth of Arabidopsis. Asn as the single nitrogen source at a concentration of 
5 mM was previously shown to support the growth of the Arabidopsis Columbia ecotype 
for up to 21 days (Hirner et al., 2006). It was also reported that 3 mM Asn, as the sole 
nitrogen source, can stimulate growth measured at 20 days in comparison to a control 
without nitrogen, meaning that plants grown on media without a nitrogen source will 
eventually consume internal nitrogen reserves whereas Asn can be used as a suitable 
nitrogen source by Arabidopsis (Forsum et al., 2008). Moreover, Asn is also utilized in 
other plants. Asn, rather than Gln, is the main molecule that is transported and 
metabolized in most legumes (Andrews, 1986; Scott et al., 1976), and a study about 
amino acid metabolism analysis of ears from maize also highlighted the importance of 
Asn for nitrogen translocation within sink organs for non-legume plants (Canas et al., 
2010).  
In addition, Asn not only exists in roots but also is found in other sink tissues. It 
has been shown that Asn can account for more than 80% of the nitrogen transported from 
root to shoot in Lotus japonicus (Waterhouse et al., 1996). There is evidence that the 
concentration of Asn in Arabidopsis leaves during night is much higher than that in day, 
which indicates that Asn can be accumulated in the leaves (Schultz et al., 1998). 
Therefore, Asn can be identified as one of the main storage and transport forms of 
nitrogen in plants. 
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1.4 Asparagine degradation 
In the nitrogen dissimilation pathways, there are two different degradation 
mechanisms for Asn. One proceeds via asparaginase, which catalyzes the conversion of 
Asn to aspartate (Asp) and releases ammonia (Bruneau et al., 2006). The other involves 
Asn aminotransferase, which yields α-ketosuccinamate (α-KSM), which can be further 
transformed by ω-amidase to oxaloacetate as well as releasing ammonia (Figure 1.2) 
(Meister et al., 1952). A previous study about Asn metabolism in pea showed that Asn 
aminotransferase activity predominates over asparaginase activity in older leaves, and is 
present in pods, but is very low in young leaves and developing seeds (Ireland and Joy, 
1981a). 
There are two different types of asparaginase in higher plants, which correspond 
to biochemical subtypes previously defined on the basis of their dependence on K
+
 
(Sodek et al., 1980). Each type is represented by a single gene in Arabidopsis. ASPGB1, 
K
+
-dependent asparaginase, has a much higher catalytic efficiency with Asn as substrate 
than ASPGA1, the K
+
-independent asparaginase (Bruneau et al., 2006). Similarly, two 
asparaginase subfamilies have been reported in Lotus japonicus, which are K
+
-dependent 
(LjNSE1) and K
+
-independent (LjNSE2) asparaginases (Credali et al., 2011). K
+
-
dependent and K
+
-independent asparaginases are interesting as the exact physiological 
significance of each of asparaginase is still unclear, although potassium is one of the most 
abundant inorganic cations in plants. A recent study on Lotus japonicus, showed that K
+
-
dependent NSE1 asparaginase is more highly expressed than the other asparaginase in 
sink tissues (Credali et al., 2011). The TILLING (Targeted Induced Local Lesions I.N 
Genomes) procedure (Perry et al., 2003) was utilized to isolate and characterize mutants  
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Figure 1.2 Simplified model of the Asn degradation pathway in Arabidopsis.  
There are two different pathways of Asn degradation in Arabidopsis. One involves asparaginase and the 
other proceeds with Asn aminotransferase to make up α-ketosuccinamate, which can be further catabolized 
by ω-amidase 
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lacking NSE1 from Lotus japonicus,and the results demonstrated the importance of Asn 
and K
+
-dependent NSE1 asparaginase for nitrogen remobilization and seed production in 
this species (Credali et al., 2013). Analyses of metabolite and transcript investigation in 
germinating Arabidopsis seeds have determined that ASPGA1 is involved in the 
catabolism of free Asn stored during seed desiccation (Fait et al., 2006). However, recent 
research showed that Arabidopsis mutants lacking asparaginases develop normally 
compared to wild-type (Ivanov et al., 2012a), indicating that Asn aminotransferase may 
compensate for the absence of asparaginase in Asn metabolism.  
1.5 Serine (Ser):glyoxylate Aminotransferase 
 Asn aminotransferase has been studied in pea and identified as same protein as 
Ser:glyoxylate aminotransferase based on its substrate preference and subcellular 
localization (Ireland and Joy, 1983b, c). Furthermore, studies showed that mutants 
lacking Ser:glyoxylate aminotransferase in tobacco (Havir and McHale, 1988) and barley 
(Murray et al., 1987b) did not have Asn aminotransferase activity. This indicated that 
Ser:glyoxylate aminotransferase can act as Asn aminotransferase in tobacco and barley. 
In Arabidopsis, Ser:glyoxylate aminotransferase is encoded by AGT1, and a mutant that 
is mutated in this gene also lacks the activity of Ser:glyoxylate aminotransferase 
(Somerville and Ogren, 1980). Liepman and Olsen (2001) have confirmed that AGT1 
isolated from Arabidopsis encodes a 45 kDa aminotransferase, which is consistent with 
the subunit size reported for the corresponding enzyme from spinach (Noguchi and 
Hayashi, 1980), cucumber (Hondred et al., 1985) and pea (Ireland and Joy, 1983b). AGT1 
homologs in many other plants including tobacco, barley, tomato, soybean and rice have 
8 
 
 
 
been found, suggesting that AGT1is conserved in most plants. So it probably means that 
AGT1 is also an Asn aminotransferase in Arabidopsis.  
1.6 Photorespiration 
Ser:glyoxylate aminotransferase has been proved to participate in the 
photorespiratory pathway (Lee et al., 2007b). Photorespiration is a process in plant 
metabolism that attempts to ameliorate the consequences of an oxygenation reaction by 
the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO). RubisCO acts 
as a carboxylase instead of an oxygenase when the active site of the enzyme binds to 
CO2. The incorporation of a CO2 molecule into ribulose-1,5-bisphosphate (RuBP), a 
product from Calvin cycle in photosynthesis, causes a net increase in the carbon of the 
plant, which produces two molecules of 3-phosphoglycerate (3PGA).  In contrast, when 
RubisCO combines with O2, as an oxygenase, one molecule of 3PGA and a 
phosphoglycolate is yielded from RuBP (Figure 1.3). Then phosphoglycolate is 
dephosphorylated in the chloroplast. Glycolate is transported to the peroxisome where 
molecular O2 further oxidizes it to glyoxylate. Glyoxylate is further amidated to the 
amino acid glycine (Gly). Gly is then transported to the mitochondrial matrix where two 
Gly are converted into a Ser molecule. The Ser is transported into a peroxisome where it 
is deaminated to pyruvate, which is further reduced to glycerate. Finally, the glycerate is 
transported back to the chloroplast, where it is phosphorylated to 3PGA and reused in the 
Calvin cycle (Figure 2). Compared with the usual carboxylase activity of the Calvin 
cycle, the oxygenase activity leads to a net loss of carbon in the plant. 
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Figure 1.3. Simplified model of photorespiration. 
Phosphoglycolate, product of photorespiration, is dephosphorylated in the chloroplast. Glycolate is 
transported to the peroxisome where molecular O2 further oxidizes it to glyoxylate. Glyoxylate is further 
amidated to the amino acid glycine. Glycine is then transported to the mitochondrial matrix where two 
glycines are converted into a serine molecule. The serine is transported into the peroxisome where it is 
deaminated to pyruvate, which is further reduced to glycerate. Finally, the glycerate is transported back to 
the chloroplast, where it is phosphorylated to 3-phosphoglycerate (3PGA) and reused in the Calvin cycle. 
(It is adapted from Chrispeels and Sadava, 2003). 
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Although photorespiration is a wasteful process because it reduces the rate of 
photosynthetic CO2 assimilation, it significantly deals with low CO2 or high temperature 
stress for plants. For example, photorespiration happens on hot dry days when a plant is 
forced to close its stomata to prevent excess water loss. If the plant continues to attempt 
to fix CO2 when its stomata are closed, the CO2 will get used up and the O2 ratio in the 
leaf will increase relative to CO2 concentrations. When the CO2 levels in the leaf drop to 
around 50 ppm atmosphere, RuBisCO starts to combine O2 with ribulose-1,5-
bisphosphate (RuBP) instead of CO2 (Fernie et al., 2012).  
In the photorespiratory pathway, two aminotransferases located in the peroxisome 
participate in these steps (Figure 2). One is Glu:glyoxylate aminotransferase that uses 
glyoxylate as the acceptor to produce Gly. The other is Ser:glyoxylate aminotransferase 
which can use Ser to form pyruvate and release ammonia. Previous studies have shown 
that Ser:glyoxylate aminotransferase can use various amino acids serving as donors, such 
as alanine (Ala), Ser, Asn but not Glu, with the 2-oxoacid glyoxylate as an amino 
acceptor (Husic et al., 1987; Liepman and Olsen, 2001b; Somerville and Ogren, 1980). 
The key role of Ser:glyoxylate aminotransferase in the photorespiratory pathway has been 
demonstrated by the air-sensitive Arabidopsis mutant, with a mutated AGT1 gene 
(Somerville and Ogren, 1980). The rates of photosynthesis decrease a lot in mutant, 
which accumulates Ser and Gly when grown in an environment promoting 
photorespiration. The mutant can be stimulated to photosynthesize again when grown 
under conditions containing a high concentration of CO2, where photorespiration is 
reduced (Somerville and Ogren, 1981). This confirms that AGT1 plays a significant role 
in photorespiration. 
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1.7 ω-Amidase 
α-Ketosuccinamate (α-KSM) is produced from Asn transamination and 
transformed further to oxaloacetate and ammonia by ω-amidase (Krasnikov et al., 
2009b). Moreover, this enzyme can also hydrolyse α-ketoglutaramate (α-KGM) as well 
as α-hydroxysuccinamate (α-HSM) to α-ketoglutarate and malate, respectively (Jaisson et 
al., 2009). Previous study has found that α-KSM can be reduced rapidly to α-HSM in pea 
leaves (Lloyd and Joy, 1978b). α-KSM is unstable and easily forms a dimer that can 
further yield a large amount of hetero-aromatic products, some of which may be toxic 
(Cooper et al., 1987; Stephani and Meister, 1971).  
In addition, ω-amidase plays a role in converting the  molecules α-KGM to α-
ketoglutarate, which can be further utilized to form Gln, a significant substrate in the 
methionine salvage pathway in mammals (Krasnikov et al., 2009a). In the methionine 
salvage pathway, the methyl and sulfur of methionine are combined into 5’-
methylthioadenosine during polyamine and ethylene biosyntheses, which is further 
transformed into α-keto-γ-methylthiobutyrate. Then methionine is formed by the 
transamination with Gln (Figure 1.4a). On the other hand, α-ketoglutarate, produced from 
the activities of Gln transamination and ω-amidase deamidation, can form Gln again by 
the action of Glu dehydrogenase or Glu synthase as well as Gln synthetase. Thus, the 
cycling of five-carbon units including α-ketoglutarate, α-KGM, Glu and Gln can be 
linked to the cycling of methionine in this process (Figure 1.4b). This Gln cycle is unlike 
other aminotransferase reactions that are freely reversible. The benefit of transamination 
reactions using Gln is that the reactions will be going into the direction of alpha-keto acid 
conversion to the corresponding amino acid, forming a reaction cycle with α-KGM. Then 
12 
 
 
 
 
Figure 1.4. Proposed role of ω-amidase in Gln transamination connected to methionine salvage 
pathway. 
(a) 5’-Methylthioadenosine is produced during polyamine and ethylene biosyntheses, which provides α-
keto-γ-methylthiobutyrate in the following methionine salvage pathway. In mammals, the pathway is 
completed by a transamination with Gln. (b) α-KGM, product of Gln transamination, is hydrolyzed to α-
ketoglutarate and ammonium by ω-amidase. The α-ketoglutarate is converted to Glu, which is further 
transformed to Gln via Gln synthetase, thus closing a cycle of Gln transamination (It is adapted form 
Krasnikov et al., 2009a). 
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α-KGM can be removed by ω-amidase (Cooper, 2004; Cooper et al., 1987) (Figure 1.4). 
It has been shown that ω-amidase cooperates with a Gln-dependent aminotransferase, Gln 
transaminase K (GTK), in mammals during Gln transamination (Cooper, 2004). The Gln 
transamination product, α-KGM, is present in rat tissues in micromolar concentration 
(Duffy et al., 1974). Previous results have indicated that excess α-KGM is toxic to rat 
brain (Vergara et al., 1973). Thus, ω-amidase may metabolize potentially toxic α-KGM 
and α-KSM to other biological compounds, such as α-ketoglutarate as well as 
oxaloacetate, which implies that ω-amidase is important in nitrogen metabolism.  
Although a candidate gene of ω-amidase has been reported in Arabidopsis 
(Gerdes et al., 2011b), which was not further characterized, the activities of recombinant 
ω-amidase with α-KSM and α-KGM have been measured in mammals (Jaisson et al., 
2009; Krasnikov et al., 2009a). Despite its versatility and high specific activity, ω-
amidase activity has been little studied in Arabidopsis. Understanding the characteristics 
and function of ω-amidase in plants is necessary as this enzyme plays an important role in 
Asn transamination, by acting downstream to break down the product of Asn 
aminotransferase. 
1.8 Hypothesis and Objectives 
This study investigated the role of aminotransferase-like enzymes in the Asn 
metabolic pathway in Arabidopsis. As previously mentioned, Ser:glyoxylate 
aminotransferase (AGT1) and ω-amidase are hypothesized to be involved in Asn 
metabolism. It is hypothesized that the transcript levels of both genes may be regulated 
by Asn. It is also hypothesized that an ω-amidase mutant will over-accumulate substrates 
14 
 
 
 
of ω-amidase in the root, including α-KSM and α-HSM, compared with wild-type 
Arabidopsis.  
The objectives of this study are to (1) quantify AGT1 as well as ω-amidase 
transcript levels in roots that are treated with Asn; (2) characterize recombinant AGT1 
purified from E. coli with different amino acids including Asn as substrate; (3) identify an 
ω-amidase candidate gene in Arabidopsis and characterize the activities of recombinant 
ω-amidase from E. coli with different substrates; (4) investigate the concentrations of ω-
amidase substrates in mutant and wild-type roots treated with or without Asn. 
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Chapter 2. Characterization of Arabidopsis serine:glyoxylate aminotransferase, 
AGT1, as an asparagine aminotransferase. 
2.1 Introduction 
There are two catabolic pathways of Asn, a major storage form of organic 
nitrogen that is commonly transported throughout the plant to sink tissue (Lea et al., 
2007). One proceeds via asparaginase, which catalyzes the hydrolysis of Asn to Asp and 
releases ammonia (Michalska and Jaskolski, 2006b). The other goes through Asn 
aminotransferase and results in the formation of α-ketosuccinamic acid. Results from a 
recent study showed that Arabidopsis mutants lacking asparaginases develop relatively 
normally (Ivanov et al., 2012b). This suggests that Asn aminotransferase may be able to 
compensate for their absence, and may contribute significantly to Asn catabolism.  
Early research on Asn metabolism in pea indicated that asparaginase is 
predominant in young leaves and developing seeds, while Asn aminotransferase 
predominates in older leaves and pods (Ireland and Joy, 1981b). Asn aminotransferase 
was characterized from pea leaves and appeared to be the same protein as the 
peroxisomal photorespiratory enzyme, Ser:glyoxylate aminotransferase [EC 2.6.1.45], 
based on its substrate preference and subcellular localization (Ireland and Joy, 1983a, d). 
Indeed, tobacco and barley mutants lacking Ser:glyoxylate aminotransferase were devoid 
of Asn aminotransferase activity (Havir and McHale, 1988; Murray et al., 1987b). These 
mutants also lacked Ala:hydroxypyruvate aminotransferase activity but had normal 
Glu:glyoxylate and Ala:glyoxylate activities. Ser:glyoxylate aminotransferase has a high 
level of Ala:glyoxylate aminotransferase activity, however, the latter activity is also 
21 
 
 
 
catalyzed by the peroxisomal Glu:glyoxylate aminotransferases (Igarashi et al., 2006) and 
the recently characterized chloroplastic or mitochondrial Ala aminotransferases (Niessen 
et al., 2012). In Arabidopsis, Ser:glyoxylate aminotransferase is encoded by AGT1, and 
plants mutated in this gene do not have Ser:glyoxylate aminotransferase activity 
(Somerville and Ogren, 1980). Although it is probable that AGT1 is also an Asn 
aminotransferase in Arabidopsis, when the catalytic activities of recombinant AGT1 
purified from Escherichia coli and of native AGT1 purified from leaves were 
characterized, Asn was not included as substrate (Kendziorek and Paszkowski, 2008a; 
Liepman and Olsen, 2001a). As part of photorespiratory nitrogen cycling, Asn 
aminotransferase was hypothesized to have a relatively small contribution to net Asn 
catabolism (Lea et al., 2007). However, studies with [
15
N]Asn have revealed a small but 
significant contribution of Asn to photorespiratory Gly formation (Ta and Joy, 1985, 
1986; Ta et al., 1985). The significance of Asn transamination is related to an import of 
transported Asn into photorespiration. According to this view, photorespiratory nitrogen 
metabolism is not a closed cycle but receives inputs from external nitrogen. This has also 
been demonstrated for Ala (Betsche, 1983; Masclaux-Daubresse et al., 2006). Increased 
flux from Asn or Ala will compensate for the withdrawal of Gly or Ser for the 
biosynthesis of other amino acids, including Cysteine. In this way, the amino group from 
Asn can be used directly for the biosynthesis of other amino acids. In addition, it is 
possible that AGT1 is expressed in other tissues than the leaf and may contribute to Asn 
metabolism in a different context from photorespiration. Indeed an examination of AGT1 
transcript expression during development reveals relatively high levels in the root cortex 
and epidermis, developing siliques, and dry seed (Gifford et al., 2008; Nakabayashi et al., 
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2005; Schmid et al., 2005) [visualized with the Arabidopsis eFP Browser at the Botany 
Array Resource, http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi (Winter et al., 2007)]. 
The results of recent research have shown that plants can acquire organic 
nitrogen as amino acids from the soil (Näsholm et al., 2009). LHT1 and AAP1 act as high 
and low affinity transporters for the uptake of neutral amino acids in Arabidopsis root, 
respectively (Hirner et al., 2006; Lee et al., 2007a; Svennerstam et al., 2007). While Asn 
can support the growth of Arabidopsis as a unique nitrogen source until ca. 21 days 
(Forsum et al., 2008), it can inhibit growth as compared with Glu, Gln, Asp or γ-
aminobutyric acid (Hirner et al., 2006). Growth on Asn as a single nitrogen source for ten 
days inhibits root elongation and delays root hair formation as compared with control 
conditions without nitrogen (Ivanov et al., 2012b). The aspga1-1/-b1-1 mutant in which 
both asparaginase genes have been inactivated is more sensitive to this inhibition, and 
this is correlated with an over-accumulation of Asn in root by approximately 2-fold, as 
compared with the wild-type. These data support a function of asparaginases in Asn 
catabolism in root. As an organic form of nitrogen, like Glu or Gln (Gutiérrez et al., 
2008b), Asn may elicit transcriptional changes regulating nitrogen metabolism and 
growth. Some may be specific to Asn, based on the distinct root physiological response.  
The objective of the present study was to characterize the catalytic activity of 
recombinant AGT1 purified from E. coli with Asn as substrate. In addition, the effect of 
Asn on transcript levels of AGT1, asparaginases and several other nitrogen metabolic 
gene markers was investigated in root.  
 
23 
 
 
 
2.2 Experimental method 
2.2.1 Plant material and growth conditions 
Arabidopsis ecotype Columbia seeds were grown on vertical plates at 22 °C under 
continuous light (approximately 70 µmol m
-2
 s
-1
), as previously described by Ivanov et al. 
(2012b), on a defined medium containing 5 mM potassium nitrate for 10 days (Wang et 
al., 2003). At the end of the 10-day period, seedlings were transferred to plates containing 
the same medium without nitrogen as control or with 20 mM Asn as the sole source of 
nitrogen. Root tissue was harvested after 2 h, immediately frozen in liquid nitrogen and 
stored at −80°C until free amino acid or RNA extraction was performed. For gene 
expression analyses, the experimental unit consisted in a plate with approximately 30 
seedlings.  
2.2.2 AGT1 construct 
A full-length AGT1 cDNA (stock number U10095) was obtained from the 
Arabidopsis Biological Resource Center (http://abrc.osu.edu/). The plasmid was used as 
template for amplification by PCR for subcloning into the bacterial expression vector 
pQE30 (Qiagen, Toronto, ON). The PCR was performed using primers SGATBamHІ-
Fw, 5'-CTACGGATCCATGGACTATATGTATGGACCAGG-3', and SGATPstІ-Rvs, 
5'-GTAGCTGCAGTTAGATTCTAGAGGGAATGAGAGG-3', and Pfx50 DNA 
polymerase (Life Technologies, Burlington, ON). Purified full-length products were 
cloned into the pCR4Blunt-TOPO vector and the cDNA was sequenced with a 3130XL 
Genetic Analyzer (Life Technologies). The insert was digested with BamHI and PstI and 
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subcloned at the corresponding sites of the polylinker in pQE30. The construct was 
transformed into XL10-Gold cells (Agilent Technologies, Mississauga, ON).  
2.2.3 Protein purification 
Recombinant AGT1 was produced and purified as described by Bruneau et al. 
(2006) with minor modifications. Cells were lysed with a French press. Purified protein 
was desalted in 50 mM Tris-HCl pH 8.0, containing 10 mM ethylenediaminetetraacetic 
acid, 10 mM NaCl, 1 mM phenylmethylsulfonyl fluoride and 14 mM β-mercaptoethanol 
using a PD-10 column (GE Healthcare Biosciences, Baie d’Urfé, QC), and concentrated 
using an Amicon Ultra-4 centrifugal filter (Millipore, Billerica, MA). The purified 
protein was flash frozen in liquid nitrogen and stored at −80 °C in 10% glycerol (v/v). 
Protein quantification and sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
were performed as previously described (Bruneau et al., 2006).  
2.2.4 Aminotransferase assays 
Aminotransferase activities were assayed at 30 ºC and measured by monitoring 
the decrease in NADH absorption using auxiliary enzymes (Figure 2.1) by 
spectrophotometry at 340 nm with a Power Wave XS 96-well plate reader (Bio-Tek 
Instruments, Winooski, VT). The path length was measured to correct the calculated 
enzyme activities using the path length correction feature in KC junior software. 
Ala:glyoxylate and Ala:hydroxypyruvate aminotransferase activity was determined in a 
continous assay by monitoring the production of pyruvate using lactate dehydrogenase 
(Figure 2.1a and -b). Likewise, Ser:glyoxylate, Ser:pyruvate, Gly:pyruvate and 
Gly:hydroxypyruvate aminotransferase activities were determined in a continous assay by  
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Figure 2.1 Aminotransferase reactions monitored with each pair of substrate.  
(a) Ala and glyoxylate; (b) Ala and hydroxypyruvate; (c) Ser and glyoxylate; (d) Ser and pyruvate; (e) Gly 
and pyruvate; (f) Gly and hydroxypyruvate; (g) Asn and pyruvate; (h) Asn and glyoxylate; (i) Asn and 
hydroxypyruvate. 
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monitoring the production of hydroxypyruvate or glyoxylate using 
glyoxylate/hydroxypyruvate reductase (Figure 2.1c-f) (Liepman and Olsen, 2001a). 
Assays contained 0.6 μg AGT1 in 77 mM potassium phosphate pH 8.0, 17 mM NADH, 
20 μM pyridoxal 5'-phosphate, 20 mM organic acid, and 0.03 units rabbit muscle L-
lactate dehydrogenase (Roche Applied Science, Laval, QC) or 0.05 units of recombinant 
human glyoxylate reductase/hydroxypyruvate reductase (US Biological, Salem, MA) in a 
final volume of 250 µl. The reaction was started by adding the amino acid substrate at a 
concentration ranging between 1 and 20 mM. For reactions with Asn or Gln as the amino 
group donor, the rate was determined by quantifying the residual organic acid substrates 
after transamination was stopped (Figure 2.1g-i). The reaction was started by addition of 
2-oxoacid, and stopped after 15 min by addition of 100 µl of 10% (w/v) trichloroacetic 
acid. Asn:pyruvate aminotransferase activity was determined using lactate dehydrogenase 
(Figure 2.1g). Similarly, Asn:glyoxylate and Asn:hydroxypyruvate aminotransferase 
activities were measured using hydroxypyruvate reductase (Figure 2.1h and -i). Reverse 
reactions of Asn aminotransferase activities were monitored by measuring the products 
pyruvate, glyoxylate and hydroxypyruvate using continuous assays as mentioned 
previously. 
2.2.5 Synthesis of α-ketosuccinamate 
α-KSM was prepared by oxidation of Asn as described by Jaisson et al. (2009). 
Briefly, 5 ml of 0.2 M Asn, pH 7, was incubated overnight at 37 °C under agitation with 
10 units of catalase and 10 mg of Crotalus adamanteus L-amino acid oxidase (Sigma-
Aldrich, Oakville, ON). After incubation, the solution was deproteinized by addition of 
250 µl of 7 M perchloric acid and centrifuged at 15,000 × g for 15 min at 4 °C. The 
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product was separated from unreacted Asn by applying the supernatant to a 5 ml Dowex 
50WX8-100 cation exchange column (Sigma-Aldrich). The eluate was neutralized with 3 
M K2CO3 and the KClO4 precipitate was removed by centrifugation at 15,000 × g for 15 
min at 4 °C. The concentration of the prepared α-KSM was determined by 
spectrophotometry using an endpoint assay with a recombinant ω-amidase (Zhang and 
Marsolais, unpublished results) as described in Jaisson et al. (2009). 
2.2.6 Amino acid analysis 
 Free Asn was quantified from root tissue as described in Ivanov et al. (2012b), by 
HPLC after derivatization with o-phthalaldehyde and 3-mercaptopropionic acid.  
2.2.7 RNA isolation and gene expression analysis  
RNA was extracted from 100 mg of root tissue using the RNeasy Plant Mini Kit 
(Qiagen). RNA was quantified with a NanoDrop 1000 spectrophotometer (Thermo 
Scientific, Wilmington, DE), and its quality evaluated from A260/A280 ratio and by agarose 
gel electrophoresis. Ten micrograms of RNA was treated with amplification grade DNase 
I (Life Technologies). The Thermoscript RT-PCR System (Life Technologies) was used 
to synthesize cDNA from 4 µg total RNA in a 20 µl reaction volume. For RT-qPCR, 
Actin2 was used as reference gene. Primers were:  
F: 5'-CACAACAGCAGAGCGGGAAATT-3'  
R: 5'-TTCTGGGCATCTGAATCTCTCA-3' for Actin2;  
F: 5'-TCTCGTTCCTTCTCCTCGCTCATT-3',  
R: 5'-GGACGTTACGGTTATGGCTCTCG-3' for NR1;  
F: 5'-CGAGGAGTATGGTGTGGATTTT-3',  
R: 5'-TAGTCCCCAACCAATGTAGAGC-3' for ASN1;  
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F: 5'-CACGAAACCGCAGACATCAAC-3',  
R: 5'-TACCCTTTACCTTCCTTCTCTG-3' for GLN1.3;  
F: 5'-TTGCTTCGGTTCACTTCGTCCTC-3',  
R: 5'-CCGGCTGTTGTTTTCGCTTTGT-3' for LHT1;  
F: 5'-CACAACGAGACCGCGACCG-3',  
R: 5'-CACCGTCCACTAGCAGCAAAG-3' for AGT1;  
F: 5'-GTCAGTATGCCGTAAGAGGTG-3',  
R: 5'-CTGGCGAGGAAATGTCAATG-3 for GGT1;  
F: 5'- TTGACTGAGGCAGCGGCTTA-3',  
R: 5'-TCGCTAGCACAAGCCCTGAA-3' for ASPGA1;   
F: 5'-TGGTGTGTCGTGTACCGGAG-3',  
R: 5'- GCAATGAGTCCAGCGAACCC-3' for ASPGB1.  
The cDNA samples were diluted 8-fold and 2 µl were amplified with 5 µl of SsoFast 
EvaGreen Supermix in a final volume of 10 µl using a CFX96 Real-Time PCR Detection 
System (Bio-Rad Laboratories, Mississauga, ON). In each plate, controls without 
template were performed in duplicate. Reactions contained primers at a concentration of 
0.5 µM. They were carried out in Hard-Shell 96-well clear PCR plates (Bio-Rad 
Laboratories). The PCR program consisted of an initial step of 3 min at 95 °C followed 
by 40 cycles of 15 s at 95 °C and 30 s at 58.5 °C. Data was analyzed with the CFX 
Manager 2.0 software. Data was expressed as the cycle number required for reaching a 
threshold fluorescence value (Ct). Data was normalized to the mean Ct of the reference 
gene Actin2, for which variation between samples was ≤ 20%. The specificity of primer 
pairs was confirmed by melt curve analysis in comparison with controls without template. 
PCR efficiency was calculated from a standard curve of Ct versus the logarithm of 
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starting template quantity. Each assay was optimized so that efficiency ranged between 
100% and 107%, with a coefficient of determination (R
2
) > 0.98.  
2.2.8 Statistical analysis 
Unpaired, two-tailed t-test assuming homogeneity of the variances was performed 
with the Excel software (Dytham, 2011). Analysis of variance followed by LSD test as 
post hoc test was performed using SAS version 9.2 (Toronto, ON). 
2.2.9 Accession numbers 
 Sequence data can be found under accession numbers (TAIR ID) At2g13360 for 
AGT1; (TAIR ID) At3G18780 for Actin2; (TAIR ID) At1g77760 for NR1; (TAIR ID) 
At3g47340 for ASN1; (TAIR ID) At3g17820 for Gln1.3; (TAIR ID) At5g40780 for 
LHT1; (TAIR ID) At1g23310 for GGT1; (TAIR ID) At3g16150 for ASPGB1; (TAIR ID) 
At5g08100 for ASPGA1.  
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2.3 Results and Discussion 
2.3.1 Catalytic activity of recombinant AGT1 with Asn as substrate 
To determine whether AGT1 has Asn aminotransferase activity, AGT1 was 
produced as an N-terminal His-tagged protein in Escherichia coli and purified by affinity 
chromatography on Ni-agarose. The purified protein had an apparent molecular mass of 
ca. 45 kDa (Figure 2.2), which corresponds to the value predicted for the tagged protein. 
First, catalytic activities were assayed that had been previously determined with 
recombinant N-terminal His-tagged AGT1 and native AGT1 purified from leaf 
(Kendziorek and Paszkowski, 2008a; Liepman and Olsen, 2001a). The apparent Vmax 
value determined with Ser and glyoxylate, of 3.32 × 10
-8
 katal per mg protein, was in the 
same range as that of the native enzyme purified from leaf, equal to 12.7 × 10
-8
 katal mg
-1
 
(Kendziorek and Paszkowski, 2008a). Apparent kinetic parameters determined for the 
amino acid donor, at a fixed concentration of 20 mM organic acid acceptor, were 
comparable for Ser:glyoxylate, Ala:glyoxylate, Ser:pyruvate and Ala:hydroxypyruvate 
aminotransferase activities (Table 2.1, Figure 2.1). Using glyoxylate as acceptor, 
Kendziorek and Paszkowski had reported a ca. 2-fold higher value of catalytic efficiency 
(Vmax /Km) for Ala vs. Ser, as compared with ca. 4-fold difference in the present study. Km 
values were also similar to those determined in previous studies, with one exception. 
Liepman and Olsen (2001a) had reported a low affinity of the purified recombinant 
enzyme for Ala as substrate, with an apparent Km value of approximately 100 mM, and 
therefore a strong substrate preference for Ser over Ala. By contrast, Kendziorek and 
Paszkowski (2008a) had observed similar Km values for Ala and Ser, as in the present 
study. They had hypothesized that the N-terminal His-tag in recombinant AGT1 may 
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Figure 2.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of recombinant AGT1.  
Lane 1 shows a soluble protein extract from non-induced cells and lane 2 from induced cells. Lane 3 shows 
the affinity-purified AGT1. Position of the purified protein is marked by an arrow. Molecular mass (MM) 
markers are indicated on the left.    
 
32 
 
 
 
Table 2.1 Apparent kinetic parameters of recombinant AGT1 with different amino acids as 
substrates.  
Values are the means ± s.d. of three replicates. Activity is expressed per mg protein.  
 
amino acid 
donors 
 
organic acid 
acceptors
a
 
 
Vmax 
(× 10
-8
 katal 
mg
-1
) 
Km  
(mM) 
Vmax / Km 
(× 10
-8
 katal mg
-1
 
mM
-1
) 
Ala glyoxylate 5.02 ± 0.24 0.87 ± 0.09 5.82 ± 0.79 
Ala hydroxypyruvate 7.38 ± 0.61 1.08 ± 0.09 6.86 ± 0.23 
Ser glyoxylate 3.32 ± 0.04 2.47 ± 0.23 1.35 ± 0.12 
Ser pyruvate 3.70 ± 0.19 0.99 ± 0.16 3.80 ± 0.54 
Gly pyruvate 0.84 ± 0.02 0.59 ± 0.02 1.43 ± 0.03 
Gly hydroxypyruvate 0.38 ± 0.04 1.58 ± 0.18 0.24 ± 0.01 
Asn glyoxylate 29.2 ± 1.0 2.82 ± 0.16 10.4 ± 0.20 
Asn pyruvate 70.4 ± 0.5 8.41 ± 0.06 8.38 ± 0.03 
Asn hydroxypyruvate 35.8 ± 0.5 3.79 ± 0.06 9.45 ± 0.02 
      LSD
b
 0.81 0.23 0.58 
a
 Concentration of organic acceptor was equal to 20 mM except for hydroxypyruvate with 
Gly at 1 mM. 
b 
at p ≤ 0.05. 
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interfere with binding and catalytic activity with Ala. This conclusion is not supported by 
the present results, which indicate a slight substrate preference of the N-terminal His-
tagged enzyme for Ala over Ser. Activities measured with Gly and pyruvate or 
hydroxypyruvate as substrates were lower than those of the forward reactions with 
Ala:glyoxylate and Ser:glyoxylate, respectively. Gly:hydroxypyruvate transamination 
was detected only at a lower concentration of organic acid (1 mM) as compared with 
other reactions where organic acid concentration was kept at 20 mM, consistent with the 
results reported by Kendziorek and Paskowski (2008a). These data indicate that 
Ser:glyoxylate and Ala:glyoxylate transamination are more likely to occur in vivo than 
are the reverse reactions. Nevertheless, the Km values for Gly were relatively low, 
suggesting that Gly may be used as amino group donor under certain conditions.    
The catalytic activity of AGT1 was then assayed with Asn as an amino group 
donor and pyruvate, glyoxylate or hydroxypyruvate as organic acid acceptors (Table 2.1, 
Figure 2.1). The apparent Vmax value determined with Asn and glyoxylate, of 29.2 × 10
-8
 
katal mg
-1
, was in the same range as the specific activity determined with Asn 
aminotransferase purified from pea leaves, equal to 65.5 × 10
-8
 katal mg
-1
 (Ireland and 
Joy, 1983a). While apparent Km values for Asn were comparable with those determined 
with Ala or Ser, values of Vmax were consistently higher, by ca. 6-fold to 9-fold with 
glyoxylate as the acceptor substrate, 19-fold with pyruvate, and 5-fold with 
hydroxypyruvate. As a result, values of catalytic efficiency (Vmax / Km) were slightly 
higher with Asn as compared with Ala or Ser. AGT1 had very low catalytic activity with 
Gln as the amino group donor tested at 20 mM and glyoxylate or pyruvate as acceptors 
tested at 5 mM, equal to 5 and 4 × 10
-10
 katal mg
-1
, respectively. Catalytic activities were 
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undetectable for the reverse reactions leading to Asn formation. This is consistent with 
the results of Ireland and Joy (1983a) who measured activities for these reactions that 
were equal to only a few percent of the value measured with Ser and glyoxylate as 
substrates. Therefore, AGT1, as an Asn aminotransferase, is expected to function 
exclusively as a catabolic enzyme in Asn metabolism.  Asn aminotransferase activities 
measured with glyoxylate, pyruvate and hydroxypyruvate as amino group acceptors are 
consistent with the incorporation of [
15
N] label from Asn into Gly, Ser and Ala measured 
in pea leaves, which were reduced by the aminotransferase inhibitor, aminooxyacetate 
(Ta and Joy, 1985).  
The kinetic parameters determined with Asn as substrate (Table 1) were 
comparable to those of the recombinant K
+
-dependent asparaginase, ASPGB1, having a 
Km of  6.83 mM and Vmax of 65.9× 10
-8
 katal mg
-1
 (Gabriel et al., 2012b). By comparison, 
the recombinant K
+
-independent asparaginase, ASPGA1, has a lower Vmax, of 1.24 × 10
-8
 
katal mg
-1
, and a Km value of 14.7 mM. Asparaginases have a dual catalytic activity with 
β-aspartyl dipeptides. However, ASPGB1 has a strong substrate preference for Asn as 
compared with β-aspartyl-histidine, with a ca. 16-fold higher value of catalytic efficiency.  
Asn transamination leads to the formation of α-KSM (Figure 2.1e-g), which can 
be further deamidated by an ω-amidase. This activity has been characterized from 
soybean leaves (Streeter, 1977). According to data obtained with radiolabeled precursors 
in pea leaves, α-KSM can be rapidly reduced to α-HSM, which may also be deamidated 
(Lloyd and Joy, 1978a). ω-Amidase has been characterized at the molecular level from 
mouse (Jaisson et al., 2009; Krasnikov et al., 2009a) and a candidate gene has been 
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reported in Arabidopsis (Gerdes et al., 2011b). Further research is required to identify and 
characterize an ω-amidase gene and enzyme involved in Asn catabolism in higher plants.  
2.3.2 Increased levels of AGT1 transcripts in response to Asn in root 
 To determine if AGT1 is transcriptionally regulated by Asn, seedlings were grown 
for 10 days in a medium containing 5 mM potassium nitrate (Ivanov et al., 2012). At the 
end of the 10-day period, plants should have essentially depleted the nitrate present in the 
medium (Wang et al., 2003). Seedlings were transferred to media without nitrogen as 
control or containing Asn at a concentration of 20 mM for 2 h, and roots were harvested. 
Under these conditions, the Asn concentration in root was raised from 1.83 nmol per mg
 
fresh weight to 8.71 nmol mg
-1
 (ca. 5-fold) (n = 3; t-test p value ≤ 0.0003). Similar results 
were obtained with the aspga1-1/-b1-1 mutant: Asn concentration was raised from 1.42 
nmol mg
-1
 to 6.02 nmol mg
-1
 (ca. 4-fold) (n = 3; t-test p value ≤ 0.0001). Therefore, the 
mutant did not over-accumulate Asn under these conditions, unlike after a 10-day growth 
period (Ivanov et al., 2012b), and experiments were performed only with the wild-type.  
It is well established that nitrate, nitrite and ammonium elicit transcriptional 
responses in Arabidopsis (Patterson et al., 2010; Wang et al., 2004; Wang et al., 2007). 
The use of a nitrate reductase-null mutant, which over-accumulates nitrate (Unkles et al., 
2004), has facilitated the analysis of nitrate-specfic responses. Recently, the nitrate 
transporter NRT1.1 has been identified as a transceptor mediating transcriptional 
responses to nitrate (Ho et al., 2009; Wang et al., 2009). Organic nitrogen in the form of 
amino acids also elicits transcriptional responses. Glu, Gln and Asn positively regulate 
the levels of ASN1 transcripts encoding asparagine synthetase (Lam et al., 1994). The 
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global transcriptional response to organic nitrogen as Glu or downstream metabolites has 
been investigated in whole plants, and compared to that of inorganic nitrogen (Gutiérrez 
et al., 2008b). The study relied on a combination of treatments with exogenous nitrate, 
ammonium, Glu and methionine sulfoximine, an inhibitor of Gln synthetase. Treatment 
with methionine sulfoximine should block the accumulation of downstream metabolites 
from inorganic nitrogen and allow distinguishing between regulations by organic or 
inorganic nitrogen. ASN1 was induced by Glu or a downstream metabolite, while 
ASPGB1 was regulated in an opposite manner. NR1 encoding nitrate reductase and 
Gln1.3 encoding Gln synthetase were repressed by Glu.  
RNA was extracted from roots and levels of transcripts tested by RT-qPCR 
relative to the Actin2 reference gene (Czechowski et al., 2005). As with Glu, the levels of 
NR1 transcripts were reduced by the Asn treatment by ca. 0.5-fold, while ASN1 
transcripts were increased by ca. 2-fold (Table 2.2). GLN1.3 transcripts were unchanged 
by the treatment. Transcripts of LHT1 implicated in amino acid uptake by the root were 
slightly elevated, by 1.3-fold. Similarly with Glu, ASPGB1 transcripts were significantly 
reduced by Asn, although the fold-change was marginal (1.1-fold). Transcript levels of 
ASPGA1, encoding the K
+
-independent asparaginase, were not altered. AGT1 was 
induced by the treatment by ca. 2-fold. By contrast, transcripts of GGT1, coding for 
peroxisomal Glu:glyoxylate aminotransferase were unchanged.   
The repression of NR1, the induction of ASN1 and possibly the repression of 
ASPGB1 appear common to Asn and Glu (Gutiérrez et al., 2008b), and could form part of 
a universal response to organic nitrogen. The net effect should be to down-regulate nitrate  
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Table 2.2 Relative transcript expression in root of Asn-treated and control samples as determined by 
RT-qPCR.  
Data was normalized to the mean Cq of the reference gene, Actin2. Values are the means ± s.d. of four 
biological replicates, with each biological replicate the average of three technical replicates. 
 
Gene 0 mM Asn 20 mM Asn t-test p value 
NR1 1.12 ± 0.09 0.51 ± 0.05 0.0001 
LHT1 0.75 ± 0.03 1.01 ± 0.05 0.0001 
ASN1 0.51 ± 0.06 1.07 ± 0.11 0.0001 
GLN1.3 1.17 ± 0.03 1.07 ± 0.12 n.s.
a
 
AGT1 0.45 ± 0.02 0.97 ± 0.05 0.0001 
GGT1 0.88 ± 0.34 0.78 ± 0.14 n.s.
a
 
ASPGA1 0.91 ± 0.04 1.07 ± 0.12 n.s.
a
 
ASPGB1 1.20 ± 0.08 1.08 ± 0.11 0.04 
a
 n.s.: not significant.  
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assimilation and to increase the accumulation of Asn as a storage form of nitrogen. The 
slight increase in LHT1 transcripts reveals an absence of feedback on high affinity amino 
acid uptake by the root. The fact that GLN1.3 was not responsive to the treatment may be 
a specific feature of the root. Alternatively, it is possible that Glu, and not Asn represses 
its expression. The induction of AGT1 by Asn supports of a possible function of the 
aminotransferase in Asn metabolism. AGT1 may channel nitrogen from Asn into other 
amino acids, particularly in a non-photosynthetic tissue where photorespiration should be 
absent. However, asparaginases clearly contribute to Asn catabolism in root, as indicated 
by the over-accumulation of Asn in the aspga1-1/-b1-1 mutant grown on media 
containing this amino acid as a single nitrogen source for a 10-day period (Ivanov et al., 
2012b).  
In summary, the data presented here support the conclusion that AGT1 may act as 
an Asn aminotransferase in Arabidopsis. The recombinant enzyme exhibited a higher 
level of catalytic rate with Asn than with its prototypical substrates, Ser and Ala. This 
level of activity was comparable to that of the K
+
-dependent asparaginase, ASPGB1. 
Further research will be necessary to identify and characterize the ω-amidase acting 
downstream from AGT1 in the breakdown of the product α-KSM. The fact that Asn 
induces AGT1 expression in root also supports a possible role of the aminotransferase in 
Asn metabolism. The system established to measure transcript levels in root will be 
useful to further investigate transcriptional responses to Asn.        
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Chapter 3 Identification and characterization of ω-amidase as an enzyme 
metabolically linked to asparagine transamination in Arabidopsis 
thaliana. 
3.1 Introduction 
Transamination of Asn and Gln produces α-KSM and α-KGM, respectively, both 
of which are substrates of ω-amidase (E.C.3.5.1.3), yielding oxaloacetate or α-
ketoglutarate and ammonia (Jaisson et al., 2009; Meister et al., 1952). It has been proven 
that ω-amidase is involved in nitrogen catabolic pathways including Asn transamination 
and Gln transamination (Krasnikov et al., 2009b).   
There are two different catabolic pathways of Asn, one of which proceeds through 
asparaginase that catalyzes the hydrolysis of Asn to Asp and releases ammonia 
(Michalska and Jaskolski, 2006a). The other goes via Asn aminotransferase and results in 
the formation of α-KSM, which can be hydrolyzed by ω-amidase (Krasnikov et al., 
2009b). This suggests that ω-amidase can act downstream from Asn aminotransferase. 
According to previous studies in pea leaves, α-HSM, reduced further from α-KSM, may 
also be a substrate of ω-amidase (Lloyd and Joy, 1978b).  Studies indicated that α-KSM is 
not stable and easily forms a homo-dimer, which may further form some toxic aromatic 
compounds (Cooper et al., 1987; Stephani and Meister, 1971). The Asn transamination 
and ω-amidase pathway has also been studied in rat liver mitochondria, which showed its 
importance for Asn metabolism (Moragaa et al., 1989). 
The Gln transamination and ω-amidase activities are involved in part of a Gln 
cycle (Mora, 1990). The involvement of Gln in transamination reactions plays a role in 
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the methionine salvage pathway (Chapter 1, Figure 1.4). During polyamine and ethylene 
biosynthesis, methionine is converted to 5’-methylthioadenosine (Albers, 2009). In the 
methionine salvage pathway, which exists in mammals and plants, 5’- 
methylthioadenosine is further converted to α-keto-γ-methylthiobutyrate (Cooper and 
Meister, 1981). The last step of the methionine salvage pathway is a transamination of α-
keto-γ-methylthiobutyrate to methionine (Albers, 2009). In the methionine salvage 
pathway, enzymatic and 
15
N tracer in vivo results have suggested that a distinctive Gln-
dependent aminotransferase, Gln transaminase K (GTK) is implicated in the α-keto-γ-
methylthiobutyrate transamination (Cooper, 2004; Hoskin et al., 2001). Then α-KGM, the 
Gln transamination product, can be transformed to an α-ketoglutarate molecule by ω-
amidase (Cooper, 2004), indicating that ω-amidase could play an important role in the 
Gln transamination. In addition, it has been proven that α-KGM can be detected in 
micromole  as concentrations and it might be neurotoxic in rat tissues (Duffy et al., 1974).  
Thus, besides the biological significance of Gln and Asn transamination reactions, 
ω-amidase is important in transforming two potentially toxic molecules to other 
molecules, α-ketoglutarate or oxaloacetate. ω-Amidase has been characterized 
experimentally at the molecular level in rat (Krasnikov et al., 2009a; Krasnikov et al., 
2009b). A candidate gene has been reported in Arabidopsis but not characterized (Gerdes 
et al., 2011a). Therefore, the characteristics and function of ω-amidase in Asn catabolism 
in plants remain unclear.  
The objective of the present study was to identify ω-amidase gene candidates in 
Arabidopsis. According to a previous study, the expression of eight genes, involved in 
nitrogen metabolism in Arabidopsis, were regulated by exogenous Asn (Chapter 2). As ω-
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amidase is related to Asn transamination, an investigation about the effect of Asn on 
transcript levels of ω-amidase in Arabidopsis was also performed in this study. The 
catalytic activity of recombinant ω-amidase enzyme purified from E. coli was 
characterized with different amide substrates in vitro. Lastly, the amount of substrates of 
ω-amidase was measured in roots of wild-type Arabidopsis and ω-amidase mutant root. 
3.2 Experimental methods 
3.2.1 Plant material and growth conditions 
Arabidopsis ecotype Columbia (wild-type) seeds were grown on vertical plates at 
22 °C under continuous light (approximately 70 µmol m
-2
 s
-1
), on a medium containing 5 
mM potassium nitrate for 10 days (Wang et al., 2003). At the end of the 10-day period, 
seedlings were transferred to plates containing the same medium without nitrogen as 
control or with 20 mM Asn as the sole source of nitrogen for 2 h. Then roots were 
harvested. RNA was extracted from roots and levels of transcripts tested by RT-qPCR, 
relative to the Actin2 reference gene (Czechowski et al., 2005).  
Similarly, for metabolites, ω-amidase mutant (Germplasm: SALK_608_A02) 
seeds were obtained from Arabidopsis Biological Resource Center (ABRC). Wild-type 
and mutant seeds were grown under the same environmental conditions as described 
above, on a medium without Asn as control or containing 2 mM Asn as the single 
nitrogen source for 14 days. Then root tissue was harvested, immediately frozen in liquid 
nitrogen and stored at −80°C until RNA or metabolite extraction was performed. For gene 
expression analyses, the experimental unit consisted of a plate with approximately 30 
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seedlings. For metabolite analysis, the experimental unit consisted of 3 plates and each 
plate with approximately 30 seedlings. 
For genotyping, wild-type and ω-amidase mutant seeds were grown under long 
day conditions (16 h light, 8 h dark), as described by Ivanov et al. (2012b). After two 
months’ growth, leaves from both genotypes were harvested, and immediately frozen in 
liquid nitrogen and stored at −80°C until further experiment were performed.  
3.2.2 ω-Amidase mutant genotype analysis  
Homozygous individuals of ω-amidase mutant were identified by PCR 
genotyping, using gene-specific and T-DNA specific primers. Genomic DNA was 
extracted from leaf tissue using the DNeasy Plant Mini Kit (Qiagen, Mississauga, ON). 
The general PCR reaction used Pfx50 DNA polymerase (Invitrogen) and consisted of 
denaturing at 95°C for 2 min, 35 cycles at 95°C for 2 min, 60°C for 30 s and 68°C for 60 
s, and a final extension at 68°C for 10 min. Position of insertion was determined by 
sequencing of PCR products amplified with Platinum PCR Super Mix High Fidelity (Life 
Technologies). Sequencing was performed with a 3130XL GeneticAnalyzer (Applied 
Biosystems, Streetsville, ON). The following primers were used for genotyping:  
G-At5g121040-F, 5’-AAATCGAATTACATTCGGCGTTAA-3’,  
G-At5g12040-R, 5’-CCTATATGATCATCGGACTAAAGTGA-3’  
LB2, 5’-GCTTCCTATTATATCTTCCCAAATTACCAATACA-3’. 
3.2.3 Gene expression analysis  
The absence of transcript in homozygous ω-amidase mutants was confirmed by 
RT-PCR in reference to the wild-type. Total RNA was extracted from 100 mg of leaf 
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tissue from wild-type and ω-amidase mutant by using the RNeasy Plant Mini Kit 
(Qiagen). RNA was quantified with a NanoDrop 1000 spectrophotometer (Thermo 
Scientific, Mississauga, ON). Five micrograms of RNA were treated with amplification 
grade DNase I (Life Technologies) to minimize any DNA contamination that may have 
occurred during the RNA extraction process. RNA quality was determined prior to cDNA 
synthesis by using gel electrophoresis on a 1% (w/v) agarose gel. A Thermoscript RT-
PCR System (Invitrogen) was used to synthesize cDNA from 2.5 µg total RNA in a 20 µl 
reaction volume. A regular PCR was carried out in a final volume of 25 µl, using 2 µl of 
cDNA as template. The PCR program consisted in an initial step of denaturing at 95°C 
for 2 min, 35 cycles at 95°C for 30 s, 61°C for 30 s and 68°C for 60 s, and a final 
extension at 72°C for 5 min. The PCR product was analyzed on 1.5% (w/v) agarose gel. 
Primers used in PCR were:  
Actin2-F: 5'-CACAACAGCAGAGCGGGAAATT-3', 
Actin2-R: 5'-TTCTGGGCATCTGAATCTCTCA-3';  
ω-amidase-F: 5'-GGTTGAAACGCAAACGCAGAGGAT-3',  
ω-amidase-R: 5'-ACGAAGATGGGAGCTTCAAGGTGT-3'.  
To determine whether ω-amidase is transcriptionally regulated by Asn, RNA was 
extracted from roots that were treated with or without 20 mM Asn, and used to synthesize 
cDNA from 3 µg total RNA in a 20 µl reaction volume. For RT-qPCR, Actin2 was used 
as reference gene. Primers were: for Actin2, same as described above; for ω-amidase, 
Q-At5g121040-F, 5'-ACGAAGGACTAGCCTTCCATTG-3'  
Q-At5g121040-R, 5'-GTAACCAAATCGTGCTCAACTC-3'.  
The cDNA samples were diluted 8-fold and 2 µl amplified with 5 µl of SsoFast EvaGreen 
Supermix in a final volume of 10 µl using a CFX96 Real-Time PCR Detection System 
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(Bio-Rad Laboratories). In each plate, controls without template were performed in 
duplicate. Reactions contained primers at a concentration of 0.5 µM. They were carried 
out in Hard-Shell 96-well clear PCR plates (Bio-Rad Laboratories). The PCR program 
consisted in an initial step of 2 min at 95 °C followed by 40 cycles of 30 s at 94 °C and 30 
s at 58.5 °C. Data were analyzed with the CFX Manager 2.0 software. The PCR product 
was examined by 1.5% (w/v) agarose gel electrophoresis. 
3.2.4 Extraction of metabolites from root 
Metabolites were extracted from root tissue as described by Cooper et al. (1987). 
Briefly, 100 mg of root tissue was homogenized in 3 volumes of ice-cold 3 M perchloric 
acid. The precipitate was removed by centrifugation at 15,000 × g for 15 min at 4 °C. For 
α-KSM, to 500 µl of the supernatant solution was added 50 µl of 1 M Hepes and the 
solution was adjusted to pH 7 with KOH. Similarly, for α-HSM, 500 µl of the supernatant 
solution was treated with 100 µl of 500 mM Hepes-NaCl and then adjusted to pH 6.5 with 
KOH.  The precipitated potassium perchlorate was removed by centrifugation at 15,000 × 
g for 15 min at 4°C, and the deproteinized product was stored at −80°C immediately until 
further experiment. 
3.2.5 Determination of α-ketosuccinamate and α-hydroxysuccinamate 
 Substrates from above were detected by fluorometry (Cooper et al., 1987). For α-
KSM, 200 µl of the tissue extract was treated with 1 µl of purified recombinant ω-
amidase (40 µg) and 250 µl of 0.9 M Hepes-KOH, pH 7.3, in a fluorometer tube. After 
standing for 1 h at 23°C, 550 µl of freshly prepared 0.9 M Hepes-KOH pH 7.3 containing 
2.5 µM of NADH was added. After standing for an additional 10 min at 23°C, 2 µl of 
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malate dehydrogenase (12 units) solution was added and the changes in fluorescence of 
substrates were measured in a RF-Mini 150 Recording Fluorometer (Hitachi) (excitation, 
360 nm; fluorescence emission 460 nm) for exactly 5 min. In addition, α-KSM, prepared 
as a standard (see section 3.2.9), was detected under the same conditions in order to 
determine a standard curve. The change in fluorescence in the standard curve was linear 
from 5.0 to 25 nmol of α-KSM. Conditions for determination of α-HSM were identical to 
the α-KSM assay except that 0.2 M Hepes-KOH pH 7.2 was substituted for 0.9 M Hepes-
KOH pH 7.3, and 3.0 µM of NAD was substituted for 2.5 µM of NADH. Similarly, α-
HSM, prepared as a standard (see section 3.2.9), was measured in the same conditions to 
make a standard curve. The change in fluorescence was linear from 5.0 to 30 nmol of α-
HSM. 
3.2.6 Cloning of ω-amidase cDNA 
A full-length ω-amidase cDNA (stock number U21629) was obtained from the 
Arabidopsis Biological Resource Centre. Primers were designed based on the longest 
deduced open reading frame (ORF) and sequence alignment to query genes, which were 
NcoІ-Fw, 5'-AATTCCATGGGAATGAAGTCAGCAATTTCATCG-3',  
PstІ-Rvs, 5'-AATTCTGCAGTCATTTAGAGTCTAAGCGCT-3'. 
The general PCR reaction used Pfx50 DNA polymerase (Invitrogen) and consisted of 
denaturing at 94°C for 2 min, 35 cycles at 94°C for 30 s, 60.5°C for 30 s and 68°C for 60 
s, and a final extension at 68°C for 5 min. PCR products were cloned into pCR4Blunt-
TOPO vector (Invitrogen) and the cDNA was sequenced with a 3130XL Genetic 
Analyzer (Life Technologies) to confirm the proper sequence. Then the insert was 
subcloned into pProEX-HTb expression vector by restriction enzyme-mediated cloning 
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using NcoI and PstI restriction endonucleases (New England Biolabs) and T4 DNA ligase 
(Invitrogen) following manufacturers’ guidelines. Escherichia coli (E. coli) strain XL10-
Gold (Agilent Technologies) was used for cloning and expression of gene in the pProEX-
HTb vector. 
3.2.7 Protein Expression 
Fresh overnight culture containing recombinant plasmid was grown in LB media 
and used to inoculate 500 mL of LB media. Cultures were incubated at 37°C until an 
OD600 between 0.8 and 1.0 was reached. Expression of the candidate genes was induced 
by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and cells were 
cultured for 10 h at 37°C.  Following expression, cells were pelleted by centrifugation at 
5,500 × g for 10 min at 4°C and frozen at −20°C to enhance lysis. 
3.2.8 Protein purification 
Pelleted cells were resuspended in 5 – 10 mL of Native Protein Lysis Buffer (50 
mM sodium phosphate monobasic, 300 mM sodium chloride and 10 mM imidazole at pH 
8.0), 1 mg/mL lysozyme was added and cells were incubated on ice for 30 min. A French 
Press (American Instrument Co. Inc.) was used to exert 1200 pound per square inch (psi) 
pressure on the cells to lyse and enhance protein recovery. Sonication was also performed 
to break down genomic DNA and reduce viscosity. The lysate was then centrifuged at 
15,500 × g for 45 min at 4°C to pellet cell debris. To the supernatant, 500 μL Ni-NTA 
agarose beads (Qiagen) were added to bind the hexahistidine tagged recombinant 
proteins. The supernatant and nickel beads were incubated at 4°C for 2 h on a slow rotor. 
The Ni-NTA protein solutions were centrifuged at 3,500 × g for 3 min at 4°C and the 
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supernatant discarded. The pellets were then washed 10 times with Native Protein Wash 
Buffer. Recombinant proteins were eluted from the beads by the addition of 1.25 mL 
Native Protein Elution Buffer (50 mM sodium phosphate monobasic, 300 mM sodium 
chloride and 250 mM imidazole at pH 8.0). The solution was incubated for 10 min at 4°C 
on a slow rotor and elution repeated with an additional 1.25 mL of Native Protein Elution 
Buffer. Purified protein was desalted in 25 mM Hepes pH 7.2, containing 30 mM NaCl, 1 
mM DL-dithiothreitol using a PD-10 column (GE Healthcare Life Sciences), and 
concentrated using an Amicon Ultra-4 centrifugal filter (Millipore, Billerica, MA). The 
purified protein was flash frozen in liquid nitrogen and stored at −80°C with 10% 
glycerol (v/v).  
Protein concentration was determined using the Bio-Rad protein assay solution 
and bovine serum albumin as a standard. SDS-PAGE was performed using Coomassie 
Brilliant Blue R250 to stain proteins to confirm the proper protein had been purified by 
comparison to the predicted molecular mass. Molecular mass and isoelectric point of 
recombinant protein were predicted using ExPASy Compute pI/MW tool 
(http://web.expasy.org/compute_pi/). 
3.2.9 Preparation and purification of ω-amidase substrates 
 α-KGM and α-KSM were prepared by oxidation of Gln and Asn as described by 
Jaisson et al. (2009). Briefly, 5 mL of 0.2 M Gln or Asn, pH 7, was incubated overnight at 
37°C under agitation with 10 units of catalase and 10 mg of Crotalus adamanteus L-
amino acid oxidase (Sigma-Aldrich, Oakville, ON). After incubation, the solution was 
deproteinized by the addition of 250 μL of 7 M perchloric acid and centrifuged at 15,000 
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× g for 15 min at 4 °C. The product was separated from unreacted Gln or Asn by applying 
the supernatant to a 5 mL Dowex 50WX8-100 cation exchange column in hydrogen form 
(Sigma-Aldrich). The eluate was neutralized with 3 M potassium carbonate and the 
potassium perchlorate precipitate was removed by centrifugation at 15,000 × g for 15 min 
at 4 °C.  
α-HSM was prepared from α-KSM as described by Lloyd and Joy (1978). A 
concentration of 0.2 M sodium borohydride was added to α-KSM that was purified from 
the last step as described above. Then the mixture was incubated for 30 min at room 
temperature. The solution was adjusted to pH 2 with hydrochloric acid to decompose 
residual borohydride. After neutralisation, α-HSM was absorbed on AG 1-X8 Resin 
(formate form, Bio-Rad Laboratories) and eluted in 2 M formic acid. 
3.2.10 ω-Amidase assays 
ω-Amidase activities were assayed at 30 ºC and measured by monitoring the 
changes in NADH or NAD absorption using auxiliary enzymes (Figure 3.1) by 
spectrophotometry at 340 nm with a Power Wave XS 96-well plate reader (Bio-Tek 
Instruments, Winooski, VT). The path length was measured to correct the calculated 
enzyme activities using the path length correction feature in KC junior software. α-KSM 
aminotransferase activity was determined by monitoring the production of oxaloacetate 
using L-malate dehydrogenase (Figure 3.1a) (Jaisson et al., 2009). Likewise, α-KGM 
aminotransferase activity was determined by monitoring the production of α-ketoglutarate 
using Glu dehydrogenase (Figure 3.1b) (Jaisson et al., 2009). α-HSM aminotransferase  
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Figure 3.1 Catalytic activities of ω-amidase monitored with three different substrates:  
(a) α-ketosuccinamate; (b) α-ketoglutaramate; (c) α-hydroxysuccinamate 
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activity was measured by the production of oxaloacetate using L-malate dehydrogenase 
(Figure 3.1c) (Lloyd and Joy, 1978). 
α-KSM hydrolysis was followed by measuring the formation of oxaloacetate in a 
mixture containing 50 mM Tris pH 8.5 as well as 150 µM NADH and 6 units of L-
malatedehydrogenase (Roche Applied Science, Laval, QC) in a final volume of 200 µL. 
For α-HSM hydrolysis, reaction conditions were identical to the α-KSM assay except that 
150 µM NAD was substituted for NADH. The hydrolysis of α-KGM was determined by 
following the formation of α-ketoglutarate in an assay mixture containing 50 mM Tris pH 
8.5, 10 mM NH4Cl, 150 µM NADH, 1 mM ADP, 2 mM MgCl2, 0.5 mg/mL bovine serum 
albumin (Sigma-Aldrich), 2 units of Glu dehydrogenase (Roche Applied Science, Laval, 
QC) in a final volume of 200 µL. The reactions were started by adding 2.0 μg of 
recombinant ω-amidase. The substrates were assayed at a concentration ranging between 
1 and 10 mM. The amount of product was linear with time between 0 min to 30 min at 2 
mM of substrate and 1.0 μg of recombinant ω-amidase. Also, the activity was linear 
between 1.0 to 5.0 μg of enzyme at the same substrate concentrations. 
3.2.11 Statistical analysis 
An Unpaired, two-tailed t-test assuming homogeneity of the variances was 
performed with the Excel software (Dytham, 2011). Analysis of variance followed by 
LSD test as post hoc test was performed using SAS version 9.2 (Toronto, ON). 
3.2.12 Accession numbers 
 Sequence data can be found under accession numbers (TAIR ID) At3G18780 for 
Actin2; (TAIR ID) At5g12040 for ω-amidase. 
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3.3 Results and Discussion 
3.3.1 Identification and characterization of ω-amidase candidate genes  
Previous study has identified that mammalian Nitrilase 2 is the same as ω-
amidase, based on the catalytic activity (Jaisson et al., 2009).  The amino acid sequence 
of Nitrilase 2 was used to BLAST search Arabidopsis proteins in the TAIR database 
(http://www.arabidopsis.org/) to find ω-amidase candidate genes. Screening of the TAIR 
database generated several candidate genes based on sequence homology but only the top 
six genes with highest sequence identity were chosen (Table 3.1). The top candidate gene 
AT5G12040 was identified as a candidate gene of ω-amidase based on amino acid 
sequence identity. The ω-amidase protein was predicted to be expressed in the chloroplast 
by a subcellular localization prediction tool, Cell eFP Browser 
(http://bar.utoronto.ca/cell_efp/cgi-bin/cell_efp.cgi). In addition, it was predicted that 
there was a chloroplast transit peptide of 63 resudues at the N-terminus of its amino acid 
sequence, using ChloroP server (http://www.cbs.dtu.dk/services/ChloroP/). Localization 
prediction with the Target P program also indicated that ω-amidase was a chloroplast 
protein (http://www.cbs.dtu.dk/services/TargetP/). 
For the functional analysis of the ω-amidase gene from Arabidopsis, a T-DNA 
insertion mutant for ω-amidase was obtained from ABRC. To confirm its T-DNA 
insertion position, genomic DNA was extracted from mutant leaf and genotyped. After 
DNA sequencing, the T-DNA insertion was found in the first exon, 121 bp downstream 
away from the first ATG or initiation codon (Figure 3.2), which should have an effect on 
transcript levels. To confirm whether the ω-amidase gene was inactivated by the T-DNA  
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Table 3.1 ω-Amidase gene candidates in Arabidopsis by BlastP using mouse nitrilase 2 (Nit 2) as query 
sequence from Genbank.  
 
Locus Annotation Score Identities (%) 
AT5G12040.1 Nitrilase/cyanide hydratase 320 56 
AT5G12040.2 Nitrilase/cyanide hydratase 249 59 
AT4G08790.1 Nitrilase/cyanide hydratase 156 33 
AT2G27450.1 nitrilase-like protein 1 98 28 
AT2G27450.2 nitrilase-like protein 1 94 27 
AT3G44300.1 nitrilase 2 87 27 
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Figure 3.2 Schematic representation of ω-amidase, showing the position of the T-DNA insertion.  
Black bars represent exons, white regions represent untranslated regions, triangle indicates the site of T-
DNA insertion. Position of insertion is located downstream 121 bp away from the first ATG. G-At5g12040-
F and G-At5g12040-R are gene-specific primers. LB2 and RB indicate T-DNA specific primers.  
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insertion, total RNA from wild-type Arabidopsis and homozygous ω-amidase mutant 
plants was analyzed by RT-PCR, which revealed the absence of detectable transcripts in 
mutant lines when compared with the wild-type Columbia ecotype (Figure 3.3). This 
suggests that ω-amidase expression is blocked by the T-DNA insertion in mutant, which 
may further lead to over-accumulation of substrates of ω-amidase in mutant, compared 
with wild-type. 
Further, to determine if ω-amidase is also transcriptionally regulated by Asn, RT-
qPCR result showed that the levels of ω-amidase transcripts were reduced by the Asn 
treatment by 30% (Table 3.2). Under the same condition, AGT1 transcripts were induced 
by ca. 2-fold (chapter 2, Table 2.2). This meant that AGT1 transcripts were up-regulated 
while the expression of ω-amidase was decreased by external Asn. The net result could 
be to increase the accumulation of α-KSM to store nitrogen following Asn treatment in 
root. 
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Figure 3.3 Assessment of expression levels of ω-amidase from wild-type and mutant by RT-PCR.  
The changes in transcript level of ω-amidase between wild-type and mutant leaves were assessed visually 
in comparison to Actin2. 
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Table 3.2 Quantification of ω-amidase transcripts in root of Asn-treated and control samples as 
determined by RT-qPCR.  
Data was normalized to the mean Cq of the reference gene, Actin2. Values are the means ± s.d. of four 
biological replicates, with each biological replicate the average of three technical replicates. 
 
Treatment ω-amidase 
0 mM Asn 1.40 ± 0.02 
20 mM Asn 0.99 ± 0.05 
t-Test P value 0.0002 
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3.3.2 Quantification of ω-amidase substrates in root 
In general, about ω-amidase substrates in root, the levels of α-KSM were slightly 
higher than α-HSM (Table 3.3). The concentration of α-KSM in mutant was higher than 
that in wild-type by 2-fold in control and close to 3-fold in the Asn treatment. Similarly, 
the amount of α-HSM in the mutant was increased by close to 3-fold in control and over 
3-fold in the Asn treatment, compared with wild-type. In addition, the increase of α-KSM 
concentration following the Asn treatment was larger in the mutant than in the wild-type. 
This relationship was also observed for α-HSM. The significant interactions for both α-
KSM and α-KSM confirmed that the genotypes responded differently to the treatment 
(Figure 3.4 and 3.5). This suggested that the over-accumulation of ω-amidase substrates 
may be caused by a reduced expression in the mutant caused by T-DNA insertion. The 
data support a role for ω-amidase in the degradation of α-KSM and α-HSM in vivo.  
Previous study showed that after 2 h feeding 
14
C α-KSM to young pea leaf, about 
80% of the 
14
C α-KSM was consumed and 58% of the metabolized carbon was recovered 
in α-HSM, while 14C α-HSM fed to pea leaf, most labelled carbon was still detected in α-
HSM (Lloyd and Joy, 1978b). More 
15
N was also discovered in the molecule of α-HSM 
than in α-KSM when 15N Asn was fed to pea leaf (Ta et al., 1984). These findings 
suggested that α-KSM was not accumulated but could be reduced to α-HSM. Although 
the results showed that some α-KSM was detected in root, the concentration of α-HSM 
was higher than α-KSM in root, which does not rule out the possibility that α-KSM could 
be transported to sink tissues and decomposed in the latter. In addition, α-KSM can be 
deamidated to useful oxaloacetate by ω-amidase, which can react with acetyl-CoA to 
form citrate in the Krebs cycle (Russell, 2012; Streeter, 1977). Furthermore, malate, a  
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Table 3.3 Determination of ω-amidase substrates extracted from wild-type and mutant roots. 
The data were analyzed by two-way ANOVA. Values are the means ± SD of four biological replicates; 
each biological replicate is the average of three technical replicates. WT presents wild-type Arabidopsis of 
which ecotype is Columbia. α-KSM and α-HSM mean α-ketosuccinamate and α-hydroxysuccinamate d.f., 
degrees of freedom. 
 
Genotype Asn Treatment 
Substrates (nmol/mg) 
α-KSM α-HSM 
WT 
0 mM 8.0 ± 0.5 6.2 ± 0.3 
2 mM 10.4 ± 0.6 7.8 ± 0.5 
Mutant 
0 mM 16.3 ± 0.6 17.8 ± 0.3 
2 mM 27.3 ± 0.8 25.3 ± 0.3 
Source of 
Variation 
d.f. ANOVA P values 
Genotype (G) 1 0.0001 0.0001 
Treatment (T) 1 0.0001 0.0001 
G × T 1 0.0001 0.0001 
Error 12   
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Figure 3.4 Effect of genotype and treatment on accumulation of α-KSM in wild-type and mutant 
roots.  
KSM means the amount of α-KSM (nmol/mg fresh weight); WT indicates wild-type.  
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Figure 3.5 Effect of genotype and treatment on accumulation of α-HSM in wild-type and mutant 
roots.  
HSM means the amount of α-HSM (nmol/mg fresh weight); WT indicates wild-type. 
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critical component in the Krebs cycle, can be produced from oxaloacetate by L-malate 
dehydrogenase (Russell, 2012). Therefore, being downstream following Asn 
transamination, ω-amidase plays an important role for transforming α-KSM to 
oxaloacetate and α-HSM to malate, which could be further utilized to produce energy 
through the Krebs cycle (Russell, 2012). 
3.3.3 Catalytic activity of recombinant ω-amidase 
To determine whether ω-amidase has aminotransferase activity, recombinant ω-
amidase was produced as an N-terminal His-tagged protein in E.coli and purified by 
affinity chromatography on Ni-agarose. SDS-PAGE was performed to confirm the size 
and integrity of the purified protein (Figure 3.6). The purified protein had an apparent 
molecular mass a little below ca. 43 kDa, which corresponded to the predicted size 
including the additional N-terminal sequence (42.2 kDa).  
Kinetic parameters were determined with the three substrates α-KGM, α-KSM 
and α-HSM (Figure 3.1). For α-HSM, the value of Vmax was 4.04 × 10
-8
 katal mg
-1
, 1.4-
fold higher than α-KGM and α-KSM, while its Km value was the lowest among three 
substrates. As a result, catalytic efficiency (Vmax /Km) value of α-HSM was higher than 
that of α-KGM by 2-fold, and α-KSM by 1.7-fold (Table 3.4). This suggests that α-HSM 
could be a slightly better substrate for recombinant ω-amidase, although the values from 
each substrate were similar. However, Vmax of α-KGM was 71% lower than that 
determined with a human ω-amidase protein, and 97% lower than that from rat liver 
cytosolic ω-amidase (Krasnikov et al., 2009a). Jaisson et al. (2009) also reported that Vmax 
with α-KGM, detected with ω-amidase from rat liver, was 19-fold higher while Vmax value 
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Figure 3.6 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of recombinant ω-amidase.  
Lane 1 shows a soluble protein extract from non-induced cells and lane 2 from induced cells. Lane 3 shows 
the affinity-purified ω-amidase. Position of the purified protein is marked by an arrow. Molecular mass 
(MM) markers are indicated on the left.    
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Table 3.4 Apparent kinetic parameters of recombinant ω-amidase.  
Values are the means ± s.d. of three replicates. Activity is expressed per mg protein. α-KGM, α-KSM 
and α-HSM mean α-ketoglutaramate, α-ketosuccinamate and α-ketosuccinamate. 
 
Substrates 
Vmax Km Vmax/Km 
(× 10
-8
 katal mg
-1
) (mM) (× 10
-8
 katal mg
-1
 mM
-1
) 
α-KGM 2.78 ± 0.02 3.19 ± 0.15 0.87 ± 0.04 
α-KSM 2.86 ± 0.03 2.69 ± 0.06 1.06 ± 0.02 
α-HSM 4.04 ± 0.05 2.24 ± 0.06 1.80 ± 0.03 
LSD ( p ≤ 0.05) 0.07 0.20 0.06 
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with α-KSM was comparable with the value from this study. One reason could be that the 
recombinant ω-amidase was expressed with a chloroplast transit peptide at the N-
terminus, and it is possible that this peptide affected the specific activity. Present results 
showed that α-HSM had a higher Vmax, lower Km and higher Vmax/Km when compared with 
α-KSM and α-KGM. Therefore, recombinant ω-amidase has a slight substrate preference 
for α-HSM over the other two substrates. 
In summary, the data presented here support the conclusion that ω-amidase may 
act as a critical enzyme linked to Asn transamination metabolically in Arabidopsis. The 
recombinant enzyme exhibited a slightly higher level of catalytic rate with α-HSM than 
with α-KSM or α-KGM, although the value with α-KGM was lower than in those 
reported in mammalian studies. Further research will be necessary to produce a new 
recombinant ω-amidase without the chloroplast transit peptide at the N-terminus and 
investigate its catalytic activity. In the ω-amidase mutant, the gene expression was 
blocked by the T-DNA insertion, which resulted in accumulation of ω-amidase substrates 
on Asn metabolite in root, supporting the idea that ω-amidase plays an important role in 
α-KSM and α-HSM metabolism, acting downstream from Asn transamination. The 
system established to measure metabolites concentrations in root will be useful to further 
investigate metabolic responses to Asn.        
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Chapter 4 Conclusion 
Asn is produced by amidation of Asp using either Gln or ammonium as an amino 
donor. Asn can be considered soluble in acidic and alkaline conditions, and it has a high 
N:C ratio 2:4, in contrast to other amino acids, such as Gln which has 2:5 (Lea et al., 
2007). Asn is a stable substrate for only a few enzymatic reactions related to Asn 
metabolism, and has little net charge under physiological conditions (Giannino et al., 
2008; Yang et al., 2011). In Lupinus albus, Asn is one important form of nitrogen that is 
commonly transported throughout the plant to sink tissues (Atkins et al., 1975). Asn can 
be used as a single nitrogen source to sustain Arabidopsis growth for up to 3 weeks 
(Hirner et al., 2006). Therefore, this suggests that Asn is an ideal and efficient substance 
for the transport and storage form of nitrogen in plants, and is involved in various 
physiological processes, such as germination, nitrate assimilation and nitrogen fixation 
(Lea et al., 2007; Sulieman and Tran, 2012). 
In Asn catabolism, there are two main degradation pathways, of which one is 
making use of asparaginase to transform Asn to Asp and release ammonia. Two types of 
asparaginase, K
+
-dependent asparaginases and K
+
-independent asparaginases, have been 
characterized in Arabidopsis (Bruneau et al., 2006). Besides asparaginase, Asn 
aminotransferase catalyzes the transfer of the amino group of Asn to the corresponding α-
keto acid, forming α-KSM. Previous studies have shown that asparaginase activity is high 
in young pea leaves but decreases when the leaf expands; however, aminotransferase 
activity remains high throughout leaf development (Ireland and Joy, 1981a). Feeding 
studies in pea leaf have shown that the two activities are approximately equal when the 
leaf is half expanded (Ireland and Joy, 1981a). The existence of two metabolic pathways 
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for Asn in the same tissue suggests that regulatory mechanisms need to be operated. 
Further research on the subcellular localization of the two Asn catabolism enzymes, 
asparaginase and aminotransferase in pea demonstrated that asparaginase was purified 
from cytosolic supernatant while Asn aminotransferase was localized in the peroxisome 
(Ireland and Joy, 1983c). As Asn can be metabolized in two different subcellular 
compartments in pea leaf, the regulation of Asn metabolism in plant leaf could mean that 
when both enzymes are active in young leaf, asparaginase will transform Asn to Asp and 
release ammonia in cytosol, whereas aminotransferase will generate α-KSM and the 
corresponding amino acid in peroxisome. With the growth of the leaf, aminotransferase 
will play an increasing important role in Asn degradation when asparaginase activity 
decreases. It is possible that Asn metabolism is restricted to the peroxisome in mature 
leaf. 
According to previous studies, Asn aminotransferase is the same enzyme as 
Ser:glyoxylate aminotransferase, which is involved in photorespiration (Ireland and Joy, 
1983b) (Chapter 1, Figure 1.2). Ser:glyoxylate aminotransferase has been characterized 
as Asn aminotransferase in tobacco and barley (Havir and McHale, 1988; Murray et al., 
1987a). An Arabidopsis mutant lacking AGT1, a gene encoding Ser:glyoxylate 
aminotransferase, is devoid of Ser:glyoxylate aminotransferase activity (Somerville and 
Ogren, 1980). Although Ser:glyoxylate aminotransferase has been purified from 
Arabidopsis and characterized with different amino acids as substrates, such as Ser and 
Ala (Kendziorek and Paszkowski, 2008b), its catalytic activities with Asn as a substrate 
had not been characterized. Therefore, one contribution from this study was to determine 
the activities of recombinant Ser:glyoxylate aminotransferase purified from E. coli with 
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Asn as well as other amino acid substrates. The results showed that recombinant 
Ser:glyoxylate aminotransferase had a substrate preference for Asn as an amino group 
donor, when compared with Ala and Ser using the same acceptor substrates. The kinetic 
parameters of the recombinant Ser:glyoxylate aminotransferase for Asn (Table 2.1) were 
comparable to those values of recombinant K
+
-independent asparaginase, ASPGA1, 
which had a lower Vmax, of 1.24 × 10
-8
 katal mg
-1
, and a higher Km value of 14.7 mM 
(Gabriel et al., 2012a). This means that recombinant Ser:glyoxylate aminotransferase may 
have a higher affinity for Asn than this asparaginase.  
Asn can be transformed by Asn aminotransferase to yield α-KSM, and similarly 
transamination of Gln produces α-KGM, both of which are substrates of ω-amidase 
(Meister et al., 1952). ω-Amidase deamidates the α-keto group of α-KSM and α-KGM to  
methylene group products, which are oxaloacetate and α-ketoglutarate (Meister et al., 
1955). Previous studies have demonstrated that α-KSM can be reduced to α-HSM in pea 
and soybean leaf, and this is also a substrate of ω-amidase (Lloyd and Joy, 1978b; 
Streeter, 1977). The metabolism of α-KSM by reduction to α-HSM is unclear. The 
specific enzyme, which could be called α-KSM dehydrogenase, has not been isolated or 
characterized from any organism. Further research about the characteristics and function 
of the dehydrogenase is necessary as this enzyme may play a role in Asn metabolism, by 
reducing the product of Asn transamination. 
 Mammalian ω-amidase has been studied from rat experimentally, and corresponds 
to a protein known as Nitrilase 2 (NIT 2) in databases (Krasnikov et al., 2009a; 
Krasnikov et al., 2009b). The activity of recombinant ω-amidase from rat with α-KSM 
and α-KGM has been reported (Jaisson et al., 2009). However, despite one ω-amidase 
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candidate gene being present in Arabidopsis (Gerdes et al., 2011a), the role and function 
of ω-amidase related to Asn metabolism was still unclear in this species. In this study, 
AT5G12040 was identified as ω-amidase in Arabidopsis based on amino acid sequence 
identity. Concerning the ω-amidase mutant, the location of the T-DNA insertion and its 
effect on gene expression were measured by DNA sequencing and RT-PCR analysis. The 
results indicated that ω-amidase transcripts were absent in the mutant when compared 
with the wild-type. The reason could be that the T-DNA insertion prevents the production 
of a functional transcript. The results of quantification of ω-amidase substrates in wild-
type and mutant roots, treated with 2 mM Asn or without Asn as control, revealed that α-
KSM and α-HSM were over accumulated in mutant roots in control and Asn treatment. 
Enzymatic assays demonstrated that recombinant ω-amidase has a substrate preference 
for α-HSM. These results support the idea that ω-amidase plays a role in α-KSM and α-
HSM metabolism, and can deamidate the products of Asn transamination to release 
ammonia. 
In conclusion, transamination of Asn normally takes place with glyoxylate or 
pyruvate in Asn metabolism, which transfers the amino group to Gly or Ala (Ireland and 
Joy, 1983b). Thus, taking into consideration the action of Asn transaminase, the amino 
group of Asn can be transferred to Ala or Gly, which can be further metabolized to a 
range of amino and other compounds. Subsequently, the amide group from Asn could be 
removed to yield ammonia via deamidation of α-KSM or α-HSM by ω-amidase. These 
pathways may provide a series of reactions for the utilization of both nitrogenous groups 
of Asn, which can enrich the usefulness of Asn in nitrogen metabolism in plants. Future 
75 
 
 
 
studies designed to understand other pathways downstream of Asn transamination should 
be undertaken. 
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